Diffusion within the extracellular space (ECS) of the brain is necessary for chemical signaling and for neurons and glia to access nutrients and therapeutics; however, the width of the ECS in living tissue remains unknown. We used integrative optical imaging to show that dextrans and water-soluble quantum dots with StokesEinstein diameters as large as 35 nm diffuse within the ECS of adult rat neocortex in vivo. Modeling the ECS as fluid-filled ''pores'' predicts a normal width of 38 -64 nm, at least 2-fold greater than estimates from EM of fixed tissue. ECS width falls below 10 nm after terminal ischemia, a likely explanation for the small ECS visualized in electron micrographs. Our results will improve modeling of neurotransmitter spread after spillover and ectopic release and establish size limits for diffusion of drug delivery vectors such as viruses, liposomes, and nanoparticles in brain ECS.
T he extracellular space (ECS) separates brain cells and normally occupies Ϸ20% of total brain volume in vivo (1, 2) . EM of fixed, adult brain tissue suggests these spaces are only 10-20 nm wide (3, 4) , but the ECS in this material has likely contracted after water and electrolyte changes associated with terminal ischemia (4, 5) . Because no direct method exists for measuring ECS dimensions in the living state, the width in vivo is unknown. This parameter is important because the ECS is a mandatory route for drugs and drug delivery vectors (nanoparticles, liposomes, and viruses). Furthermore, interstitial space dimensions will affect the diffusion radius of released neurotransmitter, which in turn can shape the relative efficiency of spillover or ectopic release (6) (7) (8) . Most computational models of neurotransmission assume an ECS width of 20 nm (9-11), although it is known that varying this parameter can significantly affect results (9, 12) .
Analyzing how different substances diffuse through brain ECS reveals structural insights (1, 2, (13) (14) (15) (16) (17) (18) (19) (20) , but such measurements have yet to be used to estimate brain ECS dimensions. One strategy would be to measure the diffusion of a sequence of probe substances of different sizes: as the size approaches the width of the ECS, diffusion should become increasingly restricted. This concept was first applied in a biological setting by Pappenheimer et al. (21) , where equivalent ''pore'' sizes were estimated from transcapillary diffusion measurements based on restricted diffusion (RD) theory. Subsequently, this method has been applied to many different systems, including human cervical mucus (22) , cytoplasm (23) , and concentrated agarose gels (24) , but it has yet to be applied in the brain. Here we adapted the method of integrative optical imaging (IOI), originally described for diffusion measurements in brain slices (15) , to determine effective diffusion coefficients (D*) of fluorescent probes spanning a large size range in the rat neocortex in vivo. We first determined the diffusion behavior of two Texas redlabeled polysaccharides: 3,000 M r dextran (TR-dex3; StokesEinstein hydrodynamic diameter, d H ϭ 3 nm) and 70,000 M r dextran (TR-dex70; d H ϭ 14 nm), for which there already exist IOI-derived data in brain slices (2, 15, 18, 19) . Although dextrans of similar size have been used to estimate the dimensions of the glomerular filtration barrier (25) and diffusion paths within cytoplasm (23) , use of dextrans with d H larger than Ϸ20 nm is complicated by conformational flexibility and polydispersity (23) . We therefore used a quantum dot conjugate [polyethylene glycol-coated quantum dots with a cadmium selenide core tuned to emit at 655 nm (QD655); overall d H ϭ 35 nm] to extend our measurements and explicitly test whether a substance larger than 20 nm could diffuse through brain ECS in vivo. Our results provide the first direct estimate of ECS width in the living mammalian brain.
Results
Free Diffusion Coefficients (D) and Stokes-Einstein Diameters. D values were determined by IOI in dilute (0.3%) agarose (Fig.  1A) , an essentially ''free'' medium (15) . Fig. 2 A and B shows representative raw and background-subtracted IOI image sequences depicting QD655 diffusion in agarose. Fig. 2C shows typical Gaussian-shaped fluorescence intensity distributions, superimposed with theoretical fits (Eq. 4), along one of four axes through background-subtracted image sequences for QD655, TR-dex70, and TR-dex3. As expected, the time required for the diffusion curves to flatten and broaden is related to probe size (i.e., QD655 Ͼ TR-dex70 Ͼ TR-dex3 (Fig. 1B) . Representative image sequences after pressure ejection of TR-dex3 or TR-dex70 into agarose and brain are shown in Fig. 3 A and C, respectively, along with fluorescence intensity distributions for TR-dex3 (Fig.  3B ) and TR-dex70 (Fig. 3 D and E) . The diffusion of each probe was clearly hindered in cortex relative to agarose. Longer times were necessary to visualize dispersion of TR-dex70 in cortex as compared with its diffusion in agarose or TR-dex3 diffusion in either medium. Image sequences (Fig. 4A ) and intensity distributions (Fig. 4B ) for QD655 revealed an even greater hindrance to diffusion in cortex relative to agarose. Slow diffusion of QD655 in cortex necessitated much longer observation times (typically Ն30 min) compared with TR-dex3 and TR-dex70, but values of D*, although low, were clearly Ͼ0 (Fig. 4C) . Mean values of D and D* for each probe (Table 1 ) were used to calculate the tortuosity [ ϭ (D͞D*) 1/2 ], a measure of the hindrance experienced by substances diffusing through the ECS relative to a free medium (1, 2) . Results for measured in normoxic neocortex are summarized in Fig. 5 together with published in vivo data (14) for the small tetramethylammonium (TMA) cation (74 M r ; d H ϭ 0.51 nm; ref. 2) measured by using real-time iontophoresis and ion-selective microelectrodes (13) . It is evident that increases markedly with increasing probe diameter in normoxic brain, consistent with RD theory.
Diffusion in Neocortex After Terminal Ischemia.
Terminal ischemia follows cardiac arrest and rapidly subjects the brain to energy depletion, cessation of active transport, dissipation of transmembrane ion gradients, and the movement of water from the extrato intracellular compartment (26) . The result is a rapid reduction in ECS to Ϸ5% total brain volume (16, 20, 26) . If ECS width decreases after terminal ischemia, RD theory would predict a reduction in D* that would reflect ECS narrowing. We therefore Values were determined at 37 Ϯ 0.5°C and are reported as mean Ϯ SEM (n independent measurements). 2 ⅐s Ϫ1 , n ϭ 5; P Ͻ 0.001, Student's t test) with a Ͼ4-fold increase in (Fig. 6C ).
Fitting RD Models to the Data Predicts in Vivo ECS Width. Our results show that much of the rat neocortical ECS under normoxic conditions in vivo must have a width Ͼ35 nm, the hydrodynamic diameter for QD655. In theory, a limit for ECS width might be established by injecting increasingly larger probes until diffusion ceased, if not for an obvious problem: as D* approaches 0, it will become increasingly difficult, in a practical time frame, to distinguish between very slow diffusion and no movement at all.
Consequently, we estimated ECS width by applying RD theory to our existing data in normoxic brain. At present, the factors responsible for Ϸ 1.6 for small probes such as TMA are thought to involve some combination of (i) an increased diffusion path length as molecules go around the obstructions imposed by cells (2, 27) , (ii) transient retention in dead-space microdomains (18) , and (iii) extracellular matrix interactions (20, 28) . These factors will be dominant for small probes that explore long-range structure by relatively unrestricted diffusion. At the other extreme studied here, where larger probes generate values of significantly greater than 1.6, probe diffusion will be affected mainly by its local environment so that the pore structure of the ECS will dominate. In this regime, two factors will account for RD through pores relative to bulk solution (21, 29) : (i) steric hindrance arising from the pore's limited cross-sectional area and (ii) drag from the pore walls. For simplicity, we modeled the ECS as an isoporous environment using either cylindrical or parallel planar pores (Fig. 7A) . Cylindrical pores in the ECS may arise from meshwork-forming extracellular matrix components, particularly hyaluronan and chondroitin sulfate proteoglycans (30, 31) . Alternatively, ECS channels might simply be bounded by parallel planes formed by surrounding cell membranes (28) . Building on more limited theoretical treatments (28, 32), we separated into two components:
where DЈ is the interstitial diffusion coefficient. For neutral, inert substances subject to purely steric interactions with pore walls, it can be shown (21, 29) that DЈ͞D will depend on only channel geometry and , the ratio of probe diameter to brain ECS width (i.e., ϭ d H ͞d ECS ), such that DЈ͞D approaches 1 as approaches 0. Incorporating appropriate expressions for DЈ͞D (29, 33) into Eq. 1 results in two free parameters: d ECS and ϭ0 , the for a vanishingly small molecule. Analytical expressions for DЈ͞D (valid for 0 Յ Ͻ 1) are available for cylindrical pore and parallel plane geometries, assuming axisymmetric diffusion of a sphere that remains on the centerline, a reasonable approximation (29) . For cylindrical pore geometry (33)
where [3]
Nonlinear least-squares fitting of Eq. 1, substituted with Eq. 2 or Eq. 3, to our results (Fig. 7B) 
ischemia data along with published TMA measurements under similar conditions (16) suggested a much reduced d ECS Ͻ 10 nm (Fig. 7B) .
Discussion
The major findings of the present study are (i) QD655, a quantum dot bioconjugate with d H ϭ 35 nm, measurably diffuses within rat neocortical ECS in vivo, and (ii) application of RD theory to QD655 and dextran diffusion data indicate that the d ECS is 38-64 nm, significantly larger than previous estimates based on EM, where 10-to 20-nm-wide clefts are typically seen (3, 4, 7, 34) . Electrophysiological findings in the squid giant axon have suggested the existence of larger periaxonal spaces (Ϸ80 nm) than those visualized in EM material (35) , but our study provides the first in vivo evidence for larger spaces in a mammalian species.
Validation of IOI Diffusion Measurements. The IOI method has already been applied extensively to measure the diffusion of proteins, dextrans, and other substances in agarose and brain slices (15, (17) (18) (19) (36) (37) (38) (39) (40) (24, 43) ]. Very few studies have used methods other than IOI to determine D* for macromolecules in brain tissue. However, studies in neostriatal brain slices have shown that the diffusion of 70,000 M r dextran measured by using a multiphoton point source method (44) is remarkably similar to TR-dex70 diffusion measured by IOI in neocortical slices (15) , with D* ϭ 0.8 ϫ 10 Ϫ7 cm 2 ⅐s Ϫ1 in both cases. Recently, a novel single-photon FRAP method for diffusion measurements at the brain surface of mice in vivo failed to reveal any size dependence in values of D*͞D for three dextrans covering a range of 4,000-500,000 M r (45) . However, interpretation of this unexpected result is complicated by several factors, including uncertainties about single-photon bleaching distributions in tissue (46) , problems with reversible photobleaching (47) , and methodological issues that can lead to overestimation of diffusion coefficients (48 (15, 19, 36, 39) shows our in vivo values for TR-dex3 ( ϭ 2.04 Ϯ 0.04) and TR-dex70 ( ϭ 2.68 Ϯ 0.11) to be slightly higher than those determined in neocortical slices ( ϭ Ϸ1.8 and 2.25 for TR-dex3 and TR-dex70, respectively). It is not possible to compare the QD655 data with other findings at this time because our study is the first, to our knowledge, to measure the diffusion of any quantum dot in biological tissue.
Comparison with ECS Width Estimates from EM.
Although quantitative EM techniques have often been used to estimate the average width of brain ECS (7, 34, 50) , controversy has always existed over how accurately EM preserves the in vivo appearance and size of ECS (4). The smallest widths (Յ20 nm) have been estimated from tissue conventionally perfused with aldehyde fixatives and͞or osmium tetroxide before dehydration and em- bedding for EM (4, 7, 34) . Although such methods yield excellent cellular morphology and insights into fine ultrastructural details that IOI cannot provide, the distribution of extracellular water is likely compromised because the tissue undergoes terminal ischemia before fixation, leading to ECS contraction (4). Indeed, many early EM studies exhibited a near-complete obliteration of the ECS. Pioneering work by Brightman and others finally established that much of the ECS consists of hydrated channels at least Ϸ10 nm in width because EM showed that tracers of roughly that size (e.g., ferritin, saccharated iron oxide, and horseradish peroxidase) distributed within brain parenchyma after their introduction into CSF or nearby tissue in living animals (51) (52) (53) . EM methods using rapid freezing of the superficial Ϸ10 m of tissue followed by freeze substitution (50) suggested a larger ECS width (Ϸ40 nm) but poor cellular morphology and the formation of ice crystals complicated interpretation (4). Here we estimated that d ECS fell to Ͻ10 nm in less than 5 min after terminal ischemia was induced. Although this result is based on only two tracers (TR-dex3 and TMA), its similarity to the ECS gap size routinely visualized by conventional EM provides further evidence that ischemia compromises ECS width in such material (4, 5) .
Significance for Nanoparticle Applications in the CNS. Brain ECS is the conduit through which drugs and drug delivery vectors must diffuse after crossing the blood-brain barrier (54) and consequently forms a critical element of the neurovascular unit (55). Many vectors under investigation, e.g., immunoliposomes and polymer nanoparticles, have sizes Ͼ100 nm (55). Our results suggest that these vectors will be too large to transit normal neocortical ECS. We emphasize that, although d ECS establishes an upper size limit for transport in brain ECS, diffusion will slow dramatically as the limit is approached. Furthermore, a reduction in d ECS with disease or injury, such as that after ischemia, will further restrict interstitial diffusion. Finally, the use of quantum dot bioconjugates for in vivo imaging is a rapidly developing area of nanotechnology (56, 57) . Surface modification of quantum dots to make them hydrophilic results in relatively large probes (56) , so their diffusion properties in biological tissues will likely dictate their application. Other quantum dot conjugates with different emission spectra and surface chemistry, particularly those similar to or smaller in size than QD655, may be useful for future studies in the CNS.
Significance for CNS Physiology. It is expected that a larger ECS width will result in decreased lateral diffusion of neurotransmitter as well as a lower extracellular concentration per quantum of transmitter released. It will be important to consider the effect of incorporating our estimate of d ECS into models comparing neurotransmitter spillover from the synapse versus ectopic release for the activation of extrasynaptic receptors (6, 7). Simulations have shown ECS width can affect total synaptic current (12) as well as extracellular calcium fluctuations resulting from local influx during neural activity (9) .
Our data do not imply that all ECS has the width estimated here, only that a sufficiently large component of the neocortical ECS is well connected by channels of this size so as to allow approximately globular, rigid substances as large as 35 nm, but not greater than 64 nm, to diffuse uniformly and access most of the tissue. The diffusion of large, flexible, linear molecules in hindered media is likely to be different (38) and may be governed by mechanisms other than RD, e.g., reptation (24) or entropic barriers transport (58) . Our d ECS estimate may be representative of nonneocortical areas where the ECS also occupies Ϸ20% of the total tissue volume (1, 2), but other areas, e.g., midbrain (17) , will likely be different. Variations in ECS width among brain regions will become apparent only after further study.
Our results demonstrate that the behavior of large dextrans and quantum dots diffusing within neocortical ECS may be described by approximating interstitial channels as interconnected fluid phase pores. The available data are insufficient to distinguish between cylindrical and planar pore models at this time; we speculate that the actual ECS microstructure may be a hybrid between the two because of the presence of extracellular matrix components (30, 31) . In a simple situation, the ECS width we have estimated using RD theory will equate with the space between cells, but if the extracellular matrix plays a significant role in ECS microstructure the actual membrane separation may exceed d ECS . From the practical perspective of a diffusing macromolecule or nanoparticle, however, d ECS will be the parameter of importance. Ϫ1 i.p.). Body temperature was maintained at 37°C, and heart rate͞ECG were continuously monitored. A custom fabricated chamber (15-mm inside diameter polypropylene ring fitted with inlet and outlet ports) was affixed to the skull with cyanoacrylate. An Ϸ3-ϫ 4-mm craniotomy was then performed over the barrel field and trunk region of the primary somatosensory area, and artificial cerebrospinal fluid [composition and osmolality as reported previously (19) , except 3 mM KCl] was superfused (2 ml⅐min Ϫ1 ) via the chamber ports. After careful removal of the dura, animals were transferred to an Olympus BX61WI microscope and clamped to a fixed Gibraltar stage (Burleigh) for imaging experiments after a 1-to 2-h equilibration period. For terminal ischemia measurements, some animals were later administered 1 ml of 1 M KCl intracardially, causing immediate cardiac arrest. Diffusion Measurements. We used the IOI method (15, 19) , modified for in vivo application. This method employs epifluorescence microscopy with quantitative image analysis to measure fluorescent probe diffusion after a 50-to 200-ms pressure ejection from a micropipette (tip diameters 3-6 m), approximating a point source (Fig. 1) . The projection of the 3D cloud of diffusing probe on the 2D image plane of the camera is described by
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and ␥ i 2 ϭ 4D*͑t i ϩ t 0 ͒,
where I i is the fluorescence intensity of the ith image at radial distance r from the source in brain and E i is an expression incorporating the defocused point spread function of the microscope objective (15) . A time offset, t 0 , added to the measured time from the injection, t i , allows the use of a point source description even when a finite initial volume is released (38) . Average ejected volumes of 25-50 pl have been reported for IOI (17) . Measurements of TMA diffusion by real-time iontophoresis have shown that neither the presence of an IOI micropipette nor the small volumes typically ejected for IOI measurements affect the local ECS volume fraction (19) . Eq. 4 is fitted to the data by using a nonlinear algorithm at a succession of times, t i , yielding a sequence of estimates for ␥ i (t i ). Linear regression of ␥ i 2 ͞4 upon t i gives a slope of D* (or D) using Eq. 5. TR-dex3 and TR-dex70 (Molecular Probes) were used at concentrations of 1 and 0.1 mM, respectively, in a solution of 154 mM NaCl, and QD655 (Qtracker 655 nontargeted quantum dots surface-coated with methoxy-5,000 M r polyethylene glycol; Invitrogen) was used as formulated [2 M in 50 mM borate buffer (pH 8.3)]. QD655 solution tonicity was expected to rapidly equilibrate with interstitial fluid and not affect QD655 diffusion measured over the long observation times used in this study. Measurements of D were performed at 37 Ϯ 0.5°C in either 0.3% agarose made up in 154 mM NaCl (for TR-dex3 and TR-dex70) or 0.2-0.3% agarose made up in PBS (for QD655). No differences were observed between measurements using Isogel agarose (Cambrex Bio Science) or NuSieve GTG agarose (FMC) with TR-dex3 or 0.2-0.3% NuSieve GTG agarose with QD655, so data were pooled for reported D values. All TR-dex70 measurements were performed in Isogel agarose. For determination of D* in brain, artificial cerebrospinal fluid was superfused at 37 Ϯ 0.5°C in the chamber by using an in-line solution heater (Warner Instruments). Mean D* values represent at least four animals per probe for each experimental condition. All data are reported as mean Ϯ SEM.
